Studies of experimental grassland communities [1] [2] [3] [4] [5] [6] [7] have demonstrated that plant diversity can stabilize productivity through species asynchrony, in which decreases in the biomass of some species are compensated for by increases in others 1, 2 . However, it remains unknown whether these findings are relevant to natural ecosystems, especially those for which species diversity is threatened by anthropogenic global change [8] [9] [10] [11] . Here we analyse diversity-stability relationships from 41 grasslands on five continents and examine how these relationships are affected by chronic fertilization, one of the strongest drivers of species loss globally 8 . Unmanipulated communities with more species had greater species asynchrony, resulting in more stable biomass production, generalizing a result from biodiversity experiments to real-world grasslands. However, fertilization weakened the positive effect of diversity on stability. Contrary to expectations, this was not due to species loss after eutrophication but rather to an increase in the temporal variation of productivity in combination with a decrease in species asynchrony in diverse communities. Our results demonstrate separate and synergistic effects of diversity and eutrophication on stability, emphasizing the need to understand how drivers of global change interactively affect the reliable provisioning of ecosystem services in real-world systems.
Rapid declines in plant diversity have prompted concern over the consequences for the stability of ecosystem functioning and the reliable provisioning of ecological services 7, 12, 13 . The first attempts to address this concern used observational studies of natural variation in diversity 14, 15 and were limited in their ability to separate effects of diversity from other confounding factors 16 . In response, more recent studies have directly manipulated diversity in experimentally established communities (that is, biodiversity experiments) to assess its impact on ecosystem functioning, particularly above-ground net primary production (ANPP) [1] [2] [3] [4] [5] [6] [7] . Numerous biodiversity experiments have shown that greater species diversity promotes a greater stability of productivity over time 2, 3, 6 , with asynchronous response of species to environmental fluctuations as an important underlying mechanism 1, 2 . There would be no stabilizing effect if species fluctuated in perfect synchrony. However, asynchrony in species response to environmental fluctuations causes declines in the biomass of some species to be compensated for by increases in others, thus buffering temporal fluctuation in the productivity of the whole community. Species asynchrony can increase the stability of aggregate functions in species-rich communities, because compensatory effects are more likely to occur when the species pool is larger and more diverse [17] [18] [19] . Biodiversity experiments, in turn, have their own limitations, and their relevance to natural grassland ecosystems is debated 11, 12, 16 . For example, experimental gradients of diversity are usually assembled randomly from a local species pool, whereas in natural systems composition and diversity are influenced by a variety of factors including nutrient availability, climatic conditions and anthropogenic land use [9] [10] [11] . It is also likely that diversity is not the only, or even the primary, driver of the stability of ANPP 20, 21 ; however, few experiments have simultaneously addressed changes in both biodiversity and other aspects of global change.
In natural grasslands the situation is likely to be complex, because anthropogenic impacts such as climate change and eutrophication are likely to change diversity-with potential consequences for stabilityas well as having their own direct effects on stability 4, 13, 22, 23 . In particular, anthropogenic increases in nutrient inputs into grasslands (through direct organic and inorganic fertilization and atmospheric deposition) affect the structure and functioning of natural ecosystems worldwide 8, 24, 25 . For instance, nutrient enrichment usually increases productivity and reduces plant diversity 24, 25 . However, the effect of eutrophication on the stability of productivity in natural grasslands remains unclear. On the basis of theory and results limited to single-site experiments 22, 23 , we expect eutrophication to reduce the stability of productivity, because the well-known negative effects of nutrient enrichment on diversity 24, 25 could in turn reduce species asynchrony and stability 1, 6, 14, 22, 26 . However, eutrophication may have additional impacts on stability that are independent of any changes in diversity. The temporal stability of ANPP is the ratio of the temporal mean to the temporal standard deviation, so an increase in stability can result from an increase in the mean, a decrease in the standard deviation, or both. Because eutrophication is expected to increase productivity it may have a stabilizing effect by increasing the temporal mean. However, there is also the potential for effects of eutrophication on stability through changes in the temporal standard deviation, but these are less well understood. We therefore require a better picture of how drivers of global change affect ecosystem stability both through changes in diversity and through other routes. Here we compare the relationship between diversity and stability found in grassland biodiversity experiments with those in fertilized and unfertilized plots in natural grasslands. We also assess the effects of eutrophication on the diversity-stability relationship both through changes in diversity and through other routes.
We evaluated the relationships between species diversity, species asynchrony and stability of ANPP across 41 naturally assembled grassland ecosystems on five continents (Extended Data Fig. 1 and Extended Data Table 1 ), using data from the Nutrient Network (NutNet; http:// www.nutnet.org) collaborative experiment 27, 28 . We used standardized methods to assess plant diversity and ANPP at each site in both unmanipulated controls and experimentally fertilized plots in a well-replicated design. We quantified diversity as the average plant species richness in standard 1-m 2 plots over a three-year period. Stability can take a variety of meanings in the ecological literature 29, 30 ; here we focus on temporal stability of community-level, above-ground live plant biomass from all species in a plot (a measure of ANPP) over three years. We define temporal stability for each plot as the temporal mean of ANPP divided by its temporal variability-that is, the temporal standard deviation over a common period (see Methods).
Stability of ANPP was positively associated with plant diversity in the unmanipulated communities (Fig. 1a) . Using a hierarchical sampling design and statistical model we found that stability increased with diversity consistently within and among sites, resulting in parallel relationships (coloured and black lines, respectively, in Fig. 1a ). The consistent relationship between diversity and stability is concordant with experimental results obtained in grasslands across Europe 1 and with experiments and observations at single locations 2, 3, 6, 21, 26 . We used multiple regression to evaluate the influence of plant diversity and key biotic and abiotic factors on stability in our 41 grasslands. Stability was still associated with diversity after using covariates to control for differences in average site productivity and climatic conditions including annual trends, seasonality and extreme or limiting environmental factors (Extended Data Tables 1 and 2) . Together these results demonstrate that temporal stability of ANPP was positively related to variation in plant diversity in our 41 naturally assembled grassland ecosystems.
We determined the role of species asynchrony as a mechanism promoting stability, by using a community-wide measure that allowed direct comparison between communities with different numbers of species [17] [18] [19] . Because the biomass of individual plant species was available at few sites, we used estimates based on our three-year record of the percentage Table 1 .
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cover of individual plant species in each plot (see Methods). Our analysis of potential stability mechanisms showed that species asynchrony was positively related to plant diversity (Fig. 1b) and stability (Fig. 2a) , consistent with theory on the stabilizing effects of species asynchrony in species-rich communities. Greater stability at higher diversity can also result from an increase in the temporal mean of ANPP with diversity (a 'performance-enhancing effect' that results in a higher ratio of the temporal mean to the temporal variation) 1, 17 . Consistent with earlier NutNet analyses 27 , we found that the temporal mean of ANPP was not related to plant diversity (Fig. 3a) . Although it is an indirect test, our result provides no support for a performance-enhancing effect in stabilizing higher-diversity communities in our study. Instead, we found stronger support for a decrease in temporal variation of ANPP (measured by the standard deviation) with diversity (Fig. 3a) . In other words, greater stability at higher diversity resulted because diversity decreased the temporal variation of ANPP relative to its mean, resulting in a more stable mean-to-variance ratio.
To compare our results from naturally assembled grasslands with results from artificially assembled biodiversity experiments, we calculated values of species asynchrony from the BIODEPTH experiment 1 . BIODEPTHa pan-European network of grassland biodiversity experiments-was conducted at eight field sites with a comparable hierarchical design, plot size and measurements (see Methods). Our results are comparable to those from BIODEPTH because both studies use the same threeyear experimental duration and cover a similar range of diversity levels (although, by design, biodiversity experiments feature many more lowdiversity communities than observational surveys). We found that the sign and slope of the overall relationships between diversity and stability and between diversity and asynchrony from our global multisite study were comparable to those from the BIODEPTH network of grassland biodiversity experiments (Fig. 1e, f; compare the solid and dashed lines).
We tested the impact of eutrophication on temporal stability and species asynchrony by using data from NutNet plots that were fertilized for three years with a combination of nitrogen, phosphorus, potassium and micronutrients (see Methods). Fertilization weakened the positive effect of diversity on stability and species asynchrony ( Fig. 1c, d ; compare the solid and dashed lines). We expected this result on the basis of theory, because nutrient enrichment often reduces diversity 24, 25 , which could in turn reduce species asynchrony and stability 1, 6, 14, 22, 26 . However, although fertilization reduced diversity by an average of 1.3 species (95% confidence interval 0.7-1.9) per site (corresponding to a reduction of diversity from 2.0% to 16.9% relative to average levels in the control plots ranging from 4.4 to 32.3 species per square metre (Extended Data Table 1 )), counter to expectations this loss of diversity did not lead to a reduction of stability through a decrease in species asynchrony (Extended Data Fig. 2) . Instead, the lower slope of the diversity-stability relationship in the fertilized communities (Fig. 1c) can be explained by a combination of two factors. First, fertilization increased the temporal variation of ANPP in diverse communities in comparison with unmanipulated communities (Fig. 3a, b ; compare the dashed lines). Because fertilization generally increased mean productivity in comparison with unmanipulated communities (Fig. 3a, b; compare the solid lines), this increased variation weakened the positive effect of diversity on stability in comparison with unmanipulated communities. Second, fertilization resulted in a decrease in species asynchrony in diverse communities compared with unmanipulated communities (Fig. 1d ; compare the dashed and solid lines). Because fertilization did not alter the positive relationship between species asynchrony and stability (Fig. 2b) , this decrease in species asynchrony resulted in decreased stability in diverse communities compared with unmanipulated communities. In total, the results of our fertilization experiment did not show the expected destabilizing effects of diversity loss. Instead, eutrophication affected stability directly through a combination of diversity-dependent effects on species asynchrony and on the temporal variation of productivity. These direct effects of eutrophication on the diversity-stability relationship could not have been predicted from studies of natural or experimental diversity gradients.
The results of our observational study of naturally assembled grassland communities are consistent with a stabilizing effect of asynchronous responses of species to environmental fluctuations in more diverse plant communities-a result previously restricted to biodiversity experiments 1 and observational studies at single locations 21, 26 . However, the drivers of global change causing a loss of diversity may have additional effects on stability. The results of our fertilization experiment demonstrate impacts on stability that were not caused by changes in diversity but came about through effects of eutrophication on both the temporal variation in production and on species asynchrony. However, although the effects of fertilization on stability were not caused by species loss, the changes in species asynchrony and temporal variation that were responsible were both affected by levels of community diversity. Predicting the effects of drivers of global change therefore requires a better understanding of both their direct effects on ecosystem stability and their indirect effects through changes in diversity. Our results indicate that although Table 1 .
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eutrophication is intended to increase average levels of productivity it can also affect its temporal stability. Sustainable management of grassland ecosystems therefore requires a better understanding of the complex interrelationships between diversity, productivity and stability and how they are affected by fertilization.
METHODS SUMMARY
The 41 sites are part of the Nutrient Network Global Research Cooperative 28 (Extended Data Fig. 1 and Extended Data Table 1 ) (see NutNet's website). Experimental plots included untreated controls and plots with nitrogen, phosphorus and potassium and micronutrients added in combination (NPK). The analyses presented here include all sites with the first three years of post-treatment community-level ANPP (g m 22 yr
21
) and species-level ANPP estimates based on percentage cover. We also examined data from BIODEPTH, a consortium of coordinated biodiversity experiments that manipulated plant diversity at eight European grassland sites 1 . We analysed community and species-level ANPP for the three main years of this project 8 . Ecosystem temporal stability was defined for each plot as m/s, where m is the temporal mean of ecosystem-level ANPP and s its temporal standard deviation over the three-year period. Species asynchrony was measured for each plot as 1 2 Q b , where Q b is species synchrony and is calculated as 1{Q b~1 { s
where s i is the temporal standard deviation of species i in a plot with S species over the three years 18 . Thus, stability and species asynchrony are related such that higher levels of species asynchrony are associated with greater stability of the community as a whole 14 . We modelled relationships with linear mixed-effects models by using the lme function from the nlme library in R 2.15.1. To improve normality, the ecosystem temporal stability and community-wide species asynchrony were log-transformed before analyses. Sites and blocks nested within sites for the NutNet data and sites and species composition nested within sites for BIODEPTH were treated as random effects, allowing both the intercepts and slopes of regression versus diversity to vary between sites if supported by model selection.
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper. , suggesting that greater stability at higher diversity in the unmanipulated communities (Fig. 1a) resulted from a decrease in temporal variation. Both temporal mean (slope and 95% confidence intervals 0.01 (20.02 to 0.03)) and standard deviation (slope and 95% confidence intervals 0.01 (20.02 to 0.04)) were not related to species diversity in the fertilized communities (b). Fertilization increased the temporal variation in diverse communities compared with unmanipulated communities, resulting in a reduced positive effect of diversity on stability in fertilized communities (Fig. 1c) . Points are values for individual plots (n 5 117).
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METHODS
Site selection and experimental design. The 41 study sites are part of the Nutrient Network (NutNet) Global Research Cooperative (Extended Data Fig. 1 ) and site-level variation in factors including above-ground biomass, species richness, land-use history and environmental variables (Extended Data Table 1 ). In some sites, human land use (grazing, burning and mowing as part of the traditional site management) is currently or has been recently carried on (Extended Data Table 1 ). However, our analyses were robust to land-use history: effects of species richness were similar after we removed 13 sites with strong anthropogenic influence.
All sites included in the analyses presented here included control plots and plots with nitrogen (N), phosphorus (P) and potassium and micronutrients (K) added in combination (NPK) (details are given below).
Treatments were randomly assigned to the 25-m 2 plots and were replicated in three blocks at most sites, although the number of blocks ranged from one to six between sites (Extended Data Table 1 ). Treatments and sampling followed a standardized protocol at all sites, detailed in ref. 28 . Treatment application started at most sites in 2008, although eight sites started in 2009 and two in 2010. For this study we included all sites with three year of post-treatment data collection. We used data collected during the first three-years of post-treatment data collection so that our results would be independent of the time since the start of treatment application. All of our sites had three years of post-treatment data, although three sites had discontinuous data collection (Extended Data Table 1 ). Longer time series currently exist for only a limited number of sites, but the results were qualitatively the same when extended to four and five years. Climate data. We quantified precipitation and temperature data using the WorldClim Global Climate database 31 (version 1.4; http://www.worldclim.org/). A principal component analysis (PCA) was used to reduce the number of climatic variables, many of which were collinear, resulting in a subset of bioclimatic variables representing annual trends (mean annual temperature (uC) and precipitation (mm)), seasonality (mean annual range in temperature, standard deviation in temperature, coefficient of variation of precipitation) and extreme or limiting environmental factors (mean temperature during the wettest four months). Fertilization. Nitrogen (N), phosphorus (P) and potassium (K) were applied annually to fertilized plots, before the beginning of the growing season, at relatively high rates: 10 g m 22 y
21
. These rates are comparable to those for other grassland experiments that seek to alter diversity 32 . N was supplied as time-release urea ((NH 2 ) 2 CO) or ammonium nitrate (NH 4 NO 3 ) (the form of N did not have differential effects on production 28 ). P was supplied as triple super phosphate (Ca(H 2 PO 4 ) 2 ), and K as potassium sulphate (K 2 SO 4 ). In addition, a micronutrient mix (Fe, S, Mg, Mn, Cu, Zn, B and Mo) was applied at 100 g m 22 y 21 to the K-addition plots, once at the start of the experiment but not in subsequent years to avoid toxicity. Species richness and cover. Diversity was quantified as the average plant species richness in standard 1-m 2 plots over the three years of post-treatment data for the analyses. We used species richness as a measure of diversity because species asynchrony in response to environmental fluctuations is the basis for functional compensation between species and stability theory 33 ; decreases in the functioning of some species are partly or wholly compensated for by increases in other species. Cover was estimated independently for each species, so that total summed cover can exceed 100% for multilayer canopies. To better match theory, percentage cover was converted to biomass estimates for each species by assuming that the proportion of total cover for each species was equivalent to its proportion of total aboveground biomass 34 , because we did not have direct measures of biomass for each individual species. Our results were independent of the measure chosen; results of our analyses using percentage cover data did not differ qualitatively from the results presented in the text using estimated biomass data for species, based on percentage cover. Productivity. We used above-ground live biomass as a measure of primary productivity, which is an effective estimator of above-ground net primary production (ANPP) in herbaceous vegetation 35, 36 . At some sites with strongly seasonal communities, cover and biomass were estimated twice during the year to assemble a complete list of species, and the summed biomass of each species was used in the analyses (Extended Data Table 1 ). However, our results were retained when we performed analyses excluding these sites. BIODEPTH. The BIODEPTH data used in our analysis are available online (http://www.esapubs.org/archive/ecol/E091/155/) from Ecological Archives 1 . BIODEPTH comprised a consortium of eight coordinated biodiversity experiments that manipulated plant diversity at different European grassland sites 1, 37, 38 . The analyses presented here use data on net above-ground biomass production (g m 22 yr
) of species from the experimental plots at each of the eight BIODEPTH field sites for the three main years of the project 1, 38 . The data set comprises information on 480 plots, each containing between 1 and 32 species. In total this produces 1,934 data points per year, with each data point reporting the biomass of a species in an individual plot. Each monoculture or species mixture was replicated in two identical plots (with a few exceptions: five plant assemblages were replicated four times 38 ). Monocultures were removed from the analysis to produce a more comparable range of species richness. Stability. Ecosystem temporal stability was defined for each plot as m/s, where m is the temporal mean of ecosystem-level ANPP and s is its temporal standard deviation over the three-year period. Asynchrony. Species asynchrony was measured for each plot as 1 2 Q b , where Q b is species synchrony and is calculated as 1{Q b~1 { s 2 P S i~1 s i 2 , where s 2 is the temporal variance in ecosystem function and s i is the temporal standard deviation in function of species i in a plot with S species over the three years 18 . Thus, stability and species asynchrony are related such that higher levels of species asynchrony are associated with greater stability of the community as a whole 18, 39, 40 . Analyses. We modelled the relationships with linear mixed-effects models by using the lme function from the nlme library 41 in R 2.15.1 (ref. 42) . To improve normality, the temporal stability of ANPP, community-wide species asynchrony, temporal mean of ANPP and temporal standard deviation of ANPP were logtransformed before analyses. Changes in diversity, stability and asynchrony were calculated as the average difference per block between the fertilized and unmanipulated plots of the Nutrient Network. Sites and blocks nested within sites for the NutNet data and sites and species composition nested within sites for BIODEPTH were treated as random effects allowing both the intercepts and slopes of regression versus diversity to vary between sites if supported by model selection. For the fixed-by-random-effects interactions, we used a model-selection approach based on minimization of BIC 41 , in which we compared models with and without a given random effect to determine which level of variation was required in the model. In every case, model selection for NutNet data retained variation between sites but excluded variation due to blocks, whereas model selection for BIODEPTH data retained variation between sites and species composition. Inference for the fixed effects was based on 95% confidence intervals.
